The paper presents the results of testing of the following properties of mixes for thin asphalt wearing courses: ageing, resistance to water and frost, resistance to rutting and low temperature properties. Two types of mixes were tested: gap graded asphalt concrete and stone mastic asphalt. Four bitumens, one non-modified and three polymer modified bitumens were used. It was found that all the tested mixes were almost equally resistant to ageing, action of water and frost and rutting, with no special distinction for the type of bitumen and mix used. However, polymer modified bitumens produced mixes with better low temperature properties.
Introduction
Thin asphalt wearing course is the top layer of pavement having thickness less than 40 mm and made of hot mix asphalt. This technology is becoming more popular in rehabilitation works and in new pavement constructions. The present paper presents the results of laboratory testing of the following performance properties of asphalt mixes used for thin wearing courses: ageing, resistance to action of water and frost, resistance to rutting and low temperature properties. All the tests were performed at the road laboratory of the Gdansk University of Technology.
The experiments included two variables: type of asphalt mix and type of bitumen used. Two types of asphalt mixes were tested, gap graded asphalt concrete and stone mastic asphalt. Both of them are being used in Poland for thin asphalt wearing courses. Four bitumen binders were used in testing: one of them was a pure non-modified bitumen and three were polymer modified bitumens. Table 1 presents the properties of bitumens used. D50/70 is a non-modified bitumen. Elastobit 50RG and Olexobit 80B are medium modified bitumens containing thermoplastic elastomer SBS. Elastobit 80C is a highly modified bitumen with thermoplastic elastomer SBS. All these bitumens were produced in Polish refineries. It can be seen from Table 1 that the properties of medium modified bitumens Elastobit 50RG and Olexobit 80B are similar. Highly modified bitumen Elastobit 80C contains a greater amount of elastomer SBS and has better properties.
Tested materials
Granite grits 5/8, 2/5, crushed sand 0/2 mm and limestone filler were used. Fat amine was used as adhesive agent. Cellulose fibres in the form of granules were used to prevent flow of hot bitumen from aggregate grains.
Ten mixes were designed according to the Polish requirement [1] with the following, varied parameters: a) mix types (2): gap graded asphalt concrete 0/8 mm (designated further as GAC), stone mastic asphalt (designated further as SMA), b) bitumen binder types (5): Non-modified D50/70 +adhesive agent (T), Olexobit 80B+T, Elastobit 50RG + T, Elastobit 80C + T, Elastobit 80C without adhesive agent.
Mixes containing adhesive agent were designated further in the paper as ("Name of bitumen + T"). Elastobit 80C contains a higher amount of elastomer SBS than the other tested bitumens. For that reason it was decided to check its adhesion to mineral aggregate and to test this bitumen both with and without an adhesive agent. All the other bitumens were used together with adhesive agent.
Testing of asphalt mixes ageing
Thin asphalt wearing courses are particularly exposed to ageing in road pavements. In the laboratory two ageing mechanisms were simulated: short-term ageing, which occurs during bitumen storage, mix production and laying, and long-term ageing, which occurs during service of asphalt pavement. The ageing test procedure followed the method developed in the U.S.A, in the Strategic Highway Research Program (SHRP) [2] , adapted to Polish conditions with only slight changes by Ahmed Ar-Rabti and Judycki [3, 4] . Preparation and conditioning of specimens. Typical Marshall specimens (D=101 mm and H = 63.5 mm) were produced. For non-aged specimens asphalt mix was prepared in a mixer and heated to 155 o C. Then the mix was compacted in Marshall compactor with 75 blows of hammer on each face. For testing of short-term ageing asphalt mix was prepared in a mixer and placed in a loose state on a tray in a 25 mm thick layer. The trays were kept in a draft oven at 135 o C for 4 hours and during that time the mix was mixed four times by hand. After heating to 155 o C the mix was compacted with Marshall hammer in the same way as non-aged mix. Short-term aged specimens were used for long-term ageing procedure. For long-term ageing the specimens were kept in a draft oven at 85 o C for five days. The specimens were wrapped with a copper net along the side surface of the cylinder. The copper net was fastened to a specimen with a steel o-ring. The purpose of the net confinement was to prevent deformation of specimens due to high temperature in the oven. Strength ratios were determined in the same way. Due to a limited volume of this paper only the results of modulus testing have been presented herein, in Table 2 .
It is difficult to draw firm conclusions from the above ageing data. No clear and consistent relationship can be found for the tested bitumens and mixes. For example: for gap graded mixes (GAC) the greatest ageing ratio is for Olexobit80B+T (2.17), followed by Elastobit80C+T (1.86). For SMA mixes the results are different: the greatest modulus ratio has been obtained for Elastobit50RG+T (2.07), followed by Elastobit80C (1.84). Only for non-modified bitumen D50/70+T ageing ratios are almost the same for both mixes: GAC and SMA. The non-modified bitumen used in testing showed consistent and moderate ageing properties. In general, it was found that resilient modulus is more sensitive to laboratory ageing and more clearly differentiates between the tested materials than indirect tensile strength. Surprisingly, mixes with highly modified bitumen had rather low resilient modulus at 25 o C (1200 -1500 MPa), despite that viscosity and softening point of that bitumen were the greatest among all tested bitumens.
Testing of water and frost resistance of asphalt mixes
Thin asphalt wearing courses should be particularly resistant to environmentally induced damages. Testing of water and frost resistance of asphalt mixes was based on the method standardised as Preparation of specimens. In accordance with AASHTO T283 mixes were compacted with smaller number of blows of Marshall hammer to create increased air voids content, ranging from 6 to 8% in order to accelerate detrimental action of water and frost. The normal content of voids for these mixes was much lower, from 2.5% to 4.0%. Conditioning of specimens. Two sets of specimens were tested: control specimens, which were kept in room conditions till the time of testing and conditioned specimens. The conditioning was done according to AASHTO T283, with one cycle of freezing and thawing.
Testing. Each specimen was first tested for resilient modulus in Nottingham Asphalt Tester and then for indirect tensile strength, as described in Chapter 3. The testing temperature was set at 25 o C. Each one set consisted of at least 6 specimens. Acceptable values of these ratios are dependent upon climate conditions. Superpave states a minimum of 80% for the strength ratio. In Poland official requirements have not been set by the road administration authorities. Based on the authors' experience [6] the acceptable values should not be less than 80%. The test results are presented in Table 3 .
Tested mixes appeared to be very resistant to water and frost. Their modulus and strength ratios were above 90%. All bitumens, except for highly modified Elastobit 80C, were used with adhesive agent, which might have positively affected their good behaviour. The performance of nonmodified bitumen was at the same level as that of polymer modified bitumens. Mix with highly modified bitumen Elastobit80C was resistant to water and frost irrespective whether it was used with or without an adhesive agent.
Testing of resistance to rutting of asphalt mixes
The effect of thin asphalt courses on rutting of pavement structure is rather low due to their small thickness. Nevertheless, they should be resistant to rutting because they are subjected to highest vertical compressive stresses induced by traffic and highest summer temperatures. Testing of rutting was performed in a British wheel tracker according to BS598.
Preparation of specimens. Mixes were prepared in a mechanical mixer and then they were subjected to short-term ageing in an oven according to SHRP, as described in Chapter 3. Then a certain, weighted amount of a mix was compacted in a frame 75x100 cm in a 4 cm layer with a small roller (weight 465 kg, diameter 560 mm, width 720 mm, linear pressure 6.5 kN/m). Relative density measured after rolling was from 0.99 to 1.01 of Marshall compaction. From the compacted slabs cylindrical specimens of 150 mm in diameter were cut with a drilling machine. Three specimens were prepared for the testing of each mix.
Testing. Specimens were kept at the test temperature for a minimum of 4 hrs and then they were subjected to loading in a wheel tracker according to BS598. The time of loading was 45 min. Testing temperature was 60 o C. Rut depth and rut rate were recorded throughout the test. The results of rutting testing are presented in Table 4 .
British specifications from 1998 state that the maximum admissible values for heavy traffic at 60 o C are: rut depth 7 mm and rut rate 5 mm/h. It can be seen from the presented data that all the tested mixes showed a very good resistance to rutting. Rut depth ranged from 1.5 to 2.7 mm and rut rate ranged from 0.5 to 1 mm/h. There were no distinct differences between the tested bitumens and mixes. It should be noted that not only polymer modified bitumens but also the non-modified bitumen showed a very good resistance to rutting. This proved that internal friction of aggregate is of key importance to rutting resistance.
Testing of low temperature properties of asphalt mixes
Low temperature properties were tested to evaluate the resistance of asphalt thin wearing courses to low temperature cracking caused by thermal shrinkage and their resistance to cracking occurring in winter and caused by other factors, such as traffic induced stresses, frost heave etc.
Preparation of specimens. Asphalt slabs were compacted in the laboratory by rolling, as described in Chapter 5. Then 40x40x300 mm beams were cut from slabs with a diamond circular saw. For each tested mix six specimens were prepared.
Testing. Testing was performed according to a modified method developed by Judycki [7, 8] . Asphalt beams were bent with concentrated force applied in the middle. The displacement, and indirectly strain, in the central part of the beam at the bottom fibres were measured using LVDT transducer. The tests were performed at -20 o C. The beams were bent with a constant rate of deflection of 1.25 mm/min. The following values were calculated from the test: crit -critical strain at break, R B -bending strength, S -stiffness modulus. Interpretation of results. There are no official requirements concerning low temperature properties of asphalt mixes. In general, for asphalt mixes better low temperature properties mean (a) greater deformation ability or greater critical strain at break, (b) greater strength and (c) lower stiffness. Lower stiffness will limit thermal and traffic induced stresses at low temperatures. Greater strength, greater deformation ability will increase resistance to cracking of asphalt layer. The test results are presented in Table 5 .
It can be seen that polymer modified bitumens produced mixes with better low temperature properties than non-modified bitumen D50/70. The greatest ultimate strain at -20 o C was obtained for the mix with highly elastomer modified bitumen Elastobit80C. No significant differences were found for gap graded asphalt concrete and stone asphalt mixes. These results confirm earlier findings of Zeng and Isacsson [9] .
Conclusions
1. Testing of ageing of asphalt mixes designed for thin wearing courses did not show any significant differences between the mixes containing different bitumens (non-modified, medium polymer-modified and highly polymer-modified). Both tested mixes: gap graded asphalt concrete (GAC) and stone mastic asphalt (SMA) indicated similar ageing properties. 2. All the tested mixes were very resistant to detrimental action of water and frost. The reduction of resilient modulus and indirect tensile strength after water and frost conditioning according to AASHTO T283 was less than 10% for all mixes. No special differences were found for all the tested bitumens and for the two tested mixes: gap graded asphalt concrete GAC and SMA. Mixes with non-modified bitumen were as resistant to water and frost, as mixes with polymer modified bitumens. Mixes with highly modified bitumen were resistant to water and frost, also when they did not contain any adhesive agents. The other mixes were tested only with an addition of adhesive agent. 3. All the tested mixes were very resistant to rutting. There were no significant differences between the tested bitumens and between the two types of mixes: gap graded asphalt concrete GAC and SMA. Not only the polymer modified bitumens but also the non-modified bitumen showed very good resistance to rutting. It proves that internal friction of aggregate plays a predominant role in rutting resistance. 4. The role of bitumen appeared rather significant in case of low temperature testing. The polymer modified bitumens produced mixes with better low temperature properties than the non-modified bitumen. The greatest ultimate strain has been obtained for a mix containing a highly elastomer modified bitumen and the lowest for mix with non-modified bitumen. No significant differences were found for gap graded asphalt concrete GAC and stone mastic asphalt SMA. 5. The behaviour of gap graded asphalt concrete GAC and stone mastic asphalt SMA was similar in all the tests. In laboratory conditions GAC showed rather better workability than SMA.
